Total lipid and phospholipid recovery as well as amino acid quality and composition from cuttlefish (Sepia officinalis) and sardine (Sardina pilchardus) were compared. Enzymatic hydrolyses were performed using the three proteases Protamex, Alcalase, and Flavourzyme by the pH-stat method (24 h, pH 8, 50 °C). Three fractions were generated: an insoluble sludge, a soluble aqueous phase, and an oily phase. For each fraction, lipids, phospholipids, and proteins were quantified. Quantitative and qualitative analyses of the raw material and hydrolysates were performed. The degree of hydrolysis (DH) for cuttlefish viscera was 3.2% using Protamex, 6.8% using Flavourzyme, and 7% using Alcalase. DH for sardine viscera was 1.9% (using Flavourzyme), 3.1% (using Protamex) and 3.3% (using Alcalase). Dry matter yields of all hydrolysis reactions increased in the aqueous phases. Protein recovery following hydrolysis ranged from 57.2% to 64.3% for cuttlefish and 57.4% to 61.2% for sardine. Tissue disruption following protease treatment increased lipid extractability, leading to higher total lipid content after hydrolysis. At least 80% of the lipids quantified in the raw material were distributed in the liquid phases for both substrates. The hydrolysed lipids were richer in phospholipids than in the lipids extracted by classical chemical extraction, especially after Flavourzyme hydrolysis for cuttlefish and Alcalase hydrolysis for sardine. The total amino acid content differed according to the substrate and the enzyme used. However, regardless of the raw material or the protease used, hydrolysis increased the level of essential amino acids in the hydrolysates, thereby increasing their potential nutritional value for feed products.
Introduction
The cuttlefish (Sepia officinalis) and the sardine (Sardina pilchardus) are among the most exploited marine species in the Mediterranean and Atlantic waters. In the Mediterranean waters, the Gulf of Gabes (southeast of Tunisia) is the main site of cuttlefish and sardine resources and landings occur essentially in the fishing port of Sfax (1) . In the Northeast Atlantic waters, the most important commercial cuttlefish fisheries are carried out in the "La Manche" channel, where S. officinalis constituted 66% of the total cephalopods that land in Basse-Normandie, which is the leading producer France. The waste material generated by the plants processing marine species, and the concentration of the conditioning activity on the shores, are becoming a major problem in countries where fishing is an important industry. During processing, large quantities of waste material, including viscera, are generated and discarded. Viscera generally represent about 15% to 25% of the original catch, depending on the season. Traditionally, viscera are considered waste material and up-graded only to a minor extent. However, research has developed methods to transform such waste material into useful products (2) (3) (4) (5) (6) . Among the valuable compounds present in viscera, lipids in general and phospholipids in particular represent a potentially valuable fraction (7) (8) (9) as they have several beneficial health effects (10) (11) (12) . As previously reported, lipid extraction is enhanced by tissues disruption with the introduction of a pre-hydrolysis step and part of the resulting oil can be recovered after centrifugation of the hydrolysates (13) (14) (15) . In addition to enhancing oil recovery, proteolysis generates peptidic fractions that are of nutritional and biological interest (16) (17) (18) (19) (20) (21) (22) (23) (24) . The aim of this work was to investigate the effect of long-term hydrolysis (24 h) on cuttlefish S. officinalis (Cephalopoda) and sardine S.pilchardus (Clupeidae) viscera using three widespectrum proteases (Protamex, Alcalase and Flavourzyme). Protein content, amino acid profile, and lipids and phospholipids composition are analysed and discussed.
Materials and methods

Raw material
Cuttlefish (S. officinalis) were provided by Calembo, a seafood processing company (Sfax, Tunisia). Mature individuals were caught during November 2005 by trawling in the Gabes Gulf. Upon capture, the specimens were immediately placed in ice and transported to the laboratory where they were eviscerated. The collected viscera were homogenized for 1 min and then frozen at -80°C until used. Endogenous enzymes were not inactivated. Viscera included all the organs usually found in the abdomen of mature specimens i.e., the digestive gland, esophagus, stomach, digestive ducts, pyloric caeca, pancreatic diverticula, gonads and accessory nidamental glands, except for only the ink gland that was removed. Sardines (S. pilchardus) were caught in the North-east Atlantic during April and June 2004 and provided by Pêcheries Océanes (Nantes, France). Fish were filleted in less than 12 h after capture and viscera were collected and stored in vacuum at -80°C. Samples collected in the months of April and June were mixed and homogenized because of the large variations in chemical composition related to the spawning season, sex and age.
Endogenous proteases
Enzymatic extracts of cuttlefish and sardine viscera were obtained by mixing 50 g of the homogenized tissues with 100 mL distilled water for 20 s at 4°C using an Ultra Turrax ® disperser (Bioblock Scientific, Nantes, France). After 10 min, the samples were centrifuged for 30 min (10,000 g, 4°C). The supernatant was then filtered and the enzymatic extract was collected. The activity of endogenous proteolytic enzymes for cuttlefish as well as sardine viscera enzyme extracts was measured at pH 8 and 50°C and expressed as the amount of soluble proteins in the extract, in terms of U (Unit of enzyme activity), where 1 U corresponds to 1 mg of bovine serum albumin cleaved per hour.
External enzymes
The enzymes used for the hydrolysis of sardine and cuttlefish viscera were provided by Novozymes A/S (Bagsvaerd, Denmark). Protamex is a Bacillus protease complex; Alcalase 2.4 L is a bacterial serine endopeptidase prepared from a strain of Bacillus lichenformis. Flavourzyme 500 MG is a fungal protease/peptidase complex produced by submerged fermentation of a strain of Aspergillus oryzae. It exhibits both endoprotease and exoprotease activities.
Hydrolysis Figure 1 outlines the overall process employed in the production of sardine and cuttlefish viscera hydrolysates. The frozen and minced viscera were stored overnight at 4°C for thawing for thawing and homogenized with Milli-Q-purified water (ratio: 1/1, w/v). For each hydrolysis reaction, 100 g sample of viscera was used. The mixture was directly poured into a 300 mL closed glass vessel with a double jacket to enable thermal exchanges (heating or cooling). All hydrolysis reactions were performed at pH 8 and 50°C for optimal activities of Alcalase, Protamex, and Flavourzyme). Before hydrolysis, mixing was performed for an initial 15 min to adjust the pH (by adding 1M NaOH) and the obtain the desired temperature (using a water bath). Hydrolysis was initiated by adding 0.1% w/w for Alcalase and Protamex (240 and 150 Anson Units, respectively) and 1.5 % w/w Flavourzyme (50,000 Leucine Amino Peptidase Units) according to a previous study (Dumay, J., Ph.D. thesis, Nantes University, Nantes, 2006). The mixtures were continuously stirred at 300 rpm for 24 h. Temperature and pH were controlled by a pH-stat method (TIM 854, Radiometer Analytical, SAS, France) and by the addition of 1 M NaOH. The pH-stat method allowed the estimation of degree of hydrolysis (DH) based on alkali to maintain the pH at the desired level. Thus, DH values were obtained could be obtained according to the following expression (25): where DH is the percent ratio of the number of peptide bonds cleaved and the total number of peptide bonds in the substrate; V is the volume (mL) of 1 M NaOH consumed during hydrolysis; M is the molarity of NaOH; a is the dissociation factor for α-NH 2 groups and is equal to 0.88 at 50°C (25) ; mp is the mass (g) of protein in the reaction substrate (protein content determined by α.m p .h tot V.M.100 DH = the total nitrogen content (% N) × 6.25 (26) ; and h tot is the total number of peptide bonds in the protein = 8.6 eq g kg -1 protein in fish samples (27) . Hydrolysis proceeded for 24 h and was stopped by heating at 80°C for 15 min. After cooling at room temperature, the hydrolysates were centrifuged at 20,000 g for 30 min. Three fractions were collected: the insoluble sludge , the soluble aqueous phase and the oily fraction. Each fraction was then freeze-dried and stored at -20°C until further analyses.
Analytical methods
The chemical analyses performed were the same for both sardine and cuttlefish hydrolysates. All methods described below were performed in triplicates.
Dry matter and ash
The percentage of dry matter was estimated gravimetrically. The ash content was calculated by weighing the samples after heating the dried samples overnight at 600°C.
Lipid extraction
Lipids were extracted according to the Folch procedure (28). The total lipid content was determined gravimetrically after solvent extraction and evaporation. Lipid extracts were kept in 10 mL chloroform and stored at -20°C for phospholipid analysis.
Phospholipid content of the total lipid extract
The phospholipid content was estimated by a colorimetric method based on the formation of a complex between phospholipids and ammonium ferrothiocyanate (29) . A 2 mL aliquot of chloroform was added to about 0.35 mg of dry lipid extract. After mixing, 1 mL of a solution prepared from ferric chloride (27 g/L) and ammonium ferrothiocyanate (30 g/L) was added. After vortexing and centrifuging at low speed (1,000 g, 15 min), the lower phase was recovered and the absorbance read at 488 nm. A standard curve was plotted with known amounts of a standard phospholipid solution (phosphatidylcholine). Results obtained were expressed as grams of phosphatidylcholine equivalents per gram of dry matter.
Protein content
The total nitrogen content of the non-hydrolyzed raw material and the aqueous phase generated by hydrolysis was dtermined using the Kjeldahl method (26) . Crude protein was estimated by multiplying the total nitrogen content (%N) by the factor 6.25.
Amino acid composition
Amino acid composition was determined for the raw (non -hydrolyzed) material and hydrolysates. Ten milligrams of freeze-dried samples was previously digested with 200 µL of 6N HCl under a nitrogen atmosphere at 118°C for 18 h. Then, the samples were completely dried under a nitrogen atmosphere and subsequently diluted by adding 2.5 mL water. The amino acid analysis was performed using the EZ:faast TM procedure (Phenomenex, USA) consisting of a solid phase extraction step followed by derivatization and liquid/liquid extraction. An aliquot from the organic phase was analysed on a GC-FID system (Perkin Elmer Autosystem XL). The injector temperature was maintained at 250°C while detection occurred at 320°C. Separation was achieved using a Zebron ZB-AAA GC column (10m  0.25 mm) with the oven temperature linearly increasing from 110 to 320°C at 32°C/min. Helium was employed as the carrier gas at a constant flow rate of 1.5 mL/min. The amino acids were quantified by their response factor relative to the internal standard norvaline added at a concentration of 200 µmol/L.
Statistical analysis
Analyses of variance were performed by XLSTAT 5.0 software.
Results and discussion
Proximate chemical composition of the raw material As indicated into Table 1 , the proximate chemical compositions of the raw materials were similar irrespective of the matrix used. Indeed, except for slight differences in the moisture content (77% for cuttlefish viscera and 78% for sardine viscera), both contained 2% ash, less than 5 % lipids, and around 15 % proteins.
Proteolytic activity of endogenous enzymes
The proteolytic activity of cuttlefish viscera extract was estimated at 30558  57 mU with a soluble protein concentration of 8.9 g/L and at 31104  95 mU for sardine viscera with a soluble protein concentration of 8.3 g/L. Due to their digestive functions, viscera usually contain mechanisms with diverse functions, such as pepsin, elastase, trypsin, and chymotrypsin (30) (31) (32) . Apart from pepsin, most digestive enzymes are active at alkaline pH, in spite of native acidic pH (cuttlefish and sardine viscera pH is about 6.4) over a temperatures range of 35 to 60°C (27) . Thus, under the hydrolysis conditions applied in this study, the activities of the proteolytic enzymes of cuttlefish and sardine viscera were maximal. However, it has been proved that in spite of the high amount of endogenous enzymes in viscera, the use of endogenous and exogenous enzymes enhances the solubilization of dry matter (33) .
Dry matter distribution
During hydrolysis, both viscera were converted from a viscous mince to a free flowing liquid. Hydrolytic curves Protamex, Flavourzyme, and Alcalase are shown in Figure 2 . All the curves exhibited an initial fast reaction corresponding to the rapid consumption of NaOH, followed by a slowdown. The shapes of these curves were similar to those reported for enzymatic hydrolysis of other fish by-product substrates (33) (34) (35) (36) (37) . After 24 h of hydrolysis, the DH values for cuttlefish viscera were 3.2%, 6.8%, and 7%, respectively, for Protamex, Flavourzyme, and Alcalase. In sardine viscera, Alcalase produced the highest DH (3.3%), followed by Protamex (3.1%) and Flavourzyme (1.9%). Hence, it appears that Alcalase performed the best in terms of DH for both substrates. However, the DH values obtained for cuttlefish were higher than those obtained for sardine, especially for Alcalase and Flavourzyme. This may be due to a difference in protein composition of the tissues and/or to presence of more active endogenous proteases affecting the function of exogenous enzymes. The dry matter repartitions obtained after centrifugation are shown in the Figure 3 . Slight differences can be observed between the substrates and the enzymes. Indeed, without proteolysis, 45 % of dry matter from cuttlefish viscera was predominantly present in the insoluble phase, while 32 % and 23 % were found in aqueous and lipid phases, respectively. For non hydrolysed sardine viscera, only 24% of the dry matter was found into the sludge while 46% and 30% were found into aqueous and lipidic phases respectively. After 24 h of hydrolysis, the major percentage of dry matter was contained in the supernatant, regardless of the enzyme and substrate. This indicates that proteolysis improved solubilization of dry matter. Similar results were found in recent studies on cod (Gadus morhua) viscera (14, 30) showing sufficient solubilization of dry matter under similar conditions (24 h hydrolysis at 55°C with Alcalase and Protamex; only the pH and pH control were different). However, it is important to mention that at least 15% of cuttlefish viscera and 9% of sardine viscera remained insoluble (with Alcalase and Protamex, respectively). Moreover, greater differences had been noticed for cuttlefish hydrolysis regarding the enzyme while more homogenous results were obtained for sardine hydrolysis. Indeed, regardless of the enzyme used, nearly 80% of the sardine dry matter was found in the soluble phase (11% in the lipid phase and 9% in the sludge), while for cuttlefish Alcalase treatment produced 75 % of dry matter in the supernatant, while Protamex and Flavourzyme produced 68 % and 53 %, respectively.
Recovery of lipids from the fractions
The recovery and distribution of lipids in different fractions after the enzymatic treatment are presented in Figure 4 As previously noted by some authors, proteolysis of a substrate can lead to an increase of lipid recovery due to better accessibility of lipidic compounds to the organic solvents used for extraction (15, 38) . In this study, 0.20 and 0.18 g lipid/g dry matter were found in non-hydrolysed cuttlefish and sardine viscera, respectively. However, after a tissue disruption by Flavourzyme, up to 0.31 and 0.28 g lipid/g dry matter was detected in non-hydrolysed cuttlefish and sardine viscera respectively. After calculating the total lipid ratio (lipids in sludge + lipids in oily fraction + lipids in aqueous fraction/lipids in non-hydrolyzed raw material), in cuttlefish, it was found that Protamex and Flavourzyme produced similar values (1.49 and 1.50, respectively), while Alcalase gave the lowest value at 1.24. Flavourzyme also provided the highest ratio value for the sardine substrate (1.52) while Protamex and Alcalase treatment produced a value of 1.4. Consequently, compared to classical extraction, exogenous enzyme disruption of the tissues increased lipid extraction and in some cases released lipids into the aqueous phase. Regardless of the enzymes used, lipid distribution within the fractions was similar with no significant differences observed according to the statistical analysis. For cuttlefish viscera, the soluble fractions contained the highest amount of lipids (40% -53%), followed by the oily phases (32% -36%) and the insoluble fraction (11% -25%). For sardine viscera, the soluble fractions contained the greatest amount of lipids (50% -60%) followed by the oily phases (32% -39%), while the insoluble fraction comprised only 8% to 12% of the total lipids quantified. The results show that almost 90% of the total lipids can be recovered without the use of organic solvents. Calculations performed using student's t-test did not detect any differences between the three enzymes (at the level of 5%), but two clusters were identified; one obtained from classical extraction and the other the enzymatic treatments. This finding indicates that a single classical extraction using an organic solvent (like the Folch procedure) is not complete. Indeed, such yield could result in incomplete lipid extraction and can be enhanced by a second extraction, but this would involve additional time and solvent consumption (39).
Phospholipid content
The distribution of phospholipids among the three fractions in the two viscera substrates is depicted in Fig. 5 . The aqueous fraction of cuttlefish hydrolysates contained the highest amount of phospholipids (57% using Flavourzyme, 52% using Alcalase and 51% using Protamex), while the oily fraction contained 25% to 28% and the insoluble fraction usually less than 22%. However, more accentuated distribution differences were observed in was sardine viscera where 74% of the total phospholipids was detected in the soluble phases using Protamex and Alcalase, and 68% using Flavourzyme, whereas the oily and insoluble fractions contained and sludge contained less than 20% each. As reported above for lipids, tissue disruption also led to better phospholipids extraction with increasing ratios compared to classical organic extraction. However, with regard to the substrate, phospholipid accessibility to the solvent during organic extraction was not the same among enzymes. Indeed, Flavourzyme did not improve the extraction proportion for sardine viscera (1.42) as much as it did with cuttlefish viscera (3.0), while Alcalase extracted 2.82 times more phospholipids from sardine viscera and only 1.5 more from cuttlefish. Because the amount of proteins present in the extract influences greatly the amounts of phospholipids (40), such differences may be explained by the fact that Flavourzyme, an exo-peptidase, removes amino acids from the chain ends resulting in longer peptide chains, which can form complexes with phospholipids. Moreover, in the study of Dauksăs et al. (41) on cod viscera, the lipids obtained after treatment with Neutrase had a higher percentage of phospholipids compared to that after Flavourzyme treatment. As it is well known that phospholipids are generally located in cell membranes, the difference in the yield of phospholipids during extraction was probably due to the nature of the organs that constitute fish and cuttlefish viscera.
Protein recovery
Protein recoveries from the soluble fraction after hydrolysis by the three enzymes are given in Table 2 . For sardine viscera, they ranged between 57.4% (Flavourzyme) and 61.2% (Protamex) which is in comparable to the recovery levels in previous studies on by-product hydrolysis (42) (43) (44) . For cuttlefish viscera, Protamex resulted in 57.2% of protein recovery, while with Alcalase, up to 64.3% of proteins were recovered. As expected, these results are in agreement with the aforementioned DH values.
Amino acid composition
The total amino acid compositions before and after a 24 h of hydrolysis with Protamex, Alcalase, and Flavourzyme are shown in Table 3 . From a quantitative point of view, before hydrolysis, the amino acid content was much higher in sardine than in cuttlefish substrates (1.9 and 0.7 mmol/g, respectively). However after 24 h of proteolysis by exogenous enzymes, the total amino acid content in the supernatant was similar in both substrates tested: about 3.0 mmol/g using Protamex and about 1.5 mmol/g using Flavourzyme. The largest differences were observed after Alcalase treatment when 2.7 mmol/g of amino acids were found in sardine viscera and up to 3.5 mmol/g were detected in cuttlefish. Around 16 to 19 different amino acids (or related compounds) were detected in different fractions. Indeed, it appears that proteolysis led to: -the liberation of additional amino acids (e.g., Protamex hydrolysis of sardine or Alcalase hydrolysis of both sardine and cuttlefish) -and the destruction or complexation of some amino acids (e.g., Flavourzyme on cuttlefish). The two viscera were quite different in their amino acid compositions. For example, histidine (HIS), sarcosine (SAR), and aspartic acid (ASP) were detected only in the cuttlefish extract, while -aminoadipic acid (AAA) was present only in the sardine extract. Before proteolysis, essential amino acids (EAA) accounted for 42% of the cuttlefish supernatant and 37% of the sardine supernatant. It has been reported that proteolysis can increase the amount of EAA in the supernatants (6) . In this study, maximum amount of EAA was obtained after Protamex proteolysis of cuttlefish viscera (>46%) and after Flavourzyme proteolysis of sardine viscera (~44%). In terms of concentrations, abundant amino acids in the untreated viscera were Alanine (ALA, 15.0%), glutamic acid (GLU, 14.6%), and glycine (GLY, 11.8%) for sardine, and GLU (11.3%), leucine (LEU, 11.2%),è and ALA (10.6%) for cuttlefish. Proteolysis of sardine viscera proteolysis did not modify this content, and GLU, GLY, and ALA remained predominant after Protamex and Alcalase treatments. Flavourzyme treatment produced some changes, with the third-most abundant amino acid being LEU and GLU accounting only for 2.1%of the sardine supernatant. By comparison, hydrolysis of cuttlefish viscera produced important modifications to the amino acid content of the supernatant. The most abundant amino acids were in the order ALA > GLY > LEU for cuttlefish viscera treated by Protamex or Flavourzyme and GLY > ALA > GLU for cuttlefish viscera treated by Alcalase. Moreover, two amino acids showed an 8-fold increase (GLY with Protamex or Alcalase, ALA with Protamex) indicating preferential enzymatic actions. Similar results have been reported for squid by-products (6) where GLY and ALA increased by 237% and 173%, respectively following 2 h of hydrolysis using alcalase. These results indicate that sardine and cuttlefish viscera hydrolysates can be a good source of high -nutritional quality products for feed purposes, notably for aquaculture feeds. For example, GLY can improve food palatability for carnivorous species (45), while GLY and ALA are powerful attractants for cod (46) . In addition, a mixture of serine (SER), ASP, GLY, and ALA is reported to be a stimulant for feeding activity in tiger puffer (Takifugu rubripes) (47) .
This work compares enzymatic hydrolysis of cuttlefish and sardine viscera using the three widespectrum proteases Protamex, Alcalase, and Flavourzyme, to enhance lipid extraction and provide a good quality source of amino acids. The results obtained for total lipid and phospholipid extraction were similar in terms of distribution and proportion within the different proteolyzed fractions. Protamex produced the lowest solubilization of dry matter, lipids, and phospholipids in both substrates (cuttlefish and sardine viscera). In the case of cuttlefish viscera, Alcalase allowed the best for lipid recovery from the three fractions (insoluble, oily and aqueous phases), while Flavourzyme allowed the best phospholipids recovery. However, opposite results were obtained using these two enzymes in sardine viscera. The amount of amino acids in the supernatant, noticeably increased in cuttlefish hydrolysates. Proteolysis can lead to increased amino acid content into the soluble phase and this was most noticeable in cuttlefish hydrolysates after 24 h of hydrolysis, as Alcalase treatment seemed the most efficient in liberating amino acids. In addition to these quantitative differences, qualitative differences were also observed. Regardless of the enzymes and substrates used, some differences were observed in the amino acid contents that may affect the nutritional value of the hydrolysates. Finally, this study showed a marked increase in total lipids after proteolysis, indicating that classic organic extraction methods may underestimate the lipid levels in tissues. Moreover, as we have previously shown (13) , the resultant lipids contained in the proteolyzed liquid fractions can be further purified by solvent-free methods such as filtration. The high level of essential amino acids in the supernatants may represent an interesting way to upgrade those hydrolysates for feed in aquaculture (6) or for animal nutrition in general, in addition to being a nitrogen source for microbial growth media (48) or to contain bioactive properties (49, 50) . Protein recovery indicates the percentage of total proteins recovered in the soluble phase after hydrolysis compared to that in the raw material. 
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